Molecular dynamics (MD) simulations have been performed on the interaction between carbon nanoring (CNR) and single-wall carbon nanotube (SWCNT). The results show that, the CNR can spontaneously insert into the hollow interior of the SWCNTs to form a DNA-like double-helix, or collapse to a linked double graphitic nanoribbon and wrap in a helical manner around a tube. Further analyses of energy components show that this unique phenomenon is the result of the Van der Waals interaction. The spiral configuration of the CNR takes the least amount of energy and achieves the maximum occupancy. The sizes of CNR and SWCNT should meet the required conditions to guarantee the spiral form in the insertion and wrapping processes. Two CNRs can also be encapsulated in the SWCNT to form a helix at the same time. Furthermore, we also studied the encapsulation process of CNRs modified with -OH and -H functional groups.
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C arbon nanotubes (CNTs), due to their unique structure and distinctive properties, have attracted intense attention on both theoretical researches and potential applications in many fields 1 . Due to their conventional hollow interior 2 and large specific surface area, single-walled carbon nanotubes (SWCNTs) can serve as a nanometer-sized mold or template 3 , which has aroused great interest in the research field of CNTsbased composite nanostructure fabrication. The composites integrated with SWCNTs and other materials have considerable influence on their toughness, crystalline morphology 4 , mechanical strength, etc. Previous theoretical and experimental results have shown that open-ended nanotubes could act as ''molecular straws'' capable of absorbing dipolar molecules through capillary action 5 . The presence of encapsulated ''foreign'' nanostructures in SWCNTs is known to tremendously affect the properties of the pristine tube and the fillers, giving rise to unique nanostructures with exciting new applications. The encapsulation of a series of materials within SWCNTs, including metals 6, 7 , water 8, 9 , fullerene 10, 11 , and grapheme 12, 13 , as well as the properties of the fillers have been discussed for the functionalization of CNTs. At the same time, polymer chains such as DNA can wrap in a helical manner around a CNT with periodic pitch 14, 15 . This non-covalent ''wrapping'' phenomenon can also be utilized to drive self-assembly 16, 17 , and alter the functionalization of the tubes 18 . On one hand, the fillers in the confined space possess novel properties which are quite different from those of their bulk counterparts. On the other hand, the carbon shell can be regarded as a natural layer of fillers protecting against oxidation and shape fragmentation 19 . Therefore, the ''CNTs-based composite'' has great potential in hydrogen storage, heterogeneous catalysis 20 , nanodevices, magnetic data storage, electromagnetic wave absorption, as well as drug and gene delivery in the field of biology 21, 22 . Although there have been large quantities of important discoveries regarding the insertion and wrapping of various materials, studies concerning the encapsulation of carbon nanoring (CNR) into the SWCNTs and the wrapping of the CNR outside the wall of the SWCNTs have yet to be performed. The super-short carbon nanorings (CNRs) can also be considered as rolled and enclosed narrow graphene nanoribbons (GNRs) 23 .
CNRs with large diameters are susceptible to deform their cylindrical symmetry to various structural morphologies 24 , such as oval, peanut, or even ribbon shape. Moreover, the radical deformation of the CNR can affect its mechanical 25 and electrical properties 26 . The self-deformation and collapse 27 of the CNRs make themselves insert into SWCNTs and wrap around the SWCNTs possibly. It is always very difficult to control the length of CNRs during the synthesis process 28 . Recently, Sun et al. took advantage of the confined space of the two-dimensional interlayer galleries of a layered double hydroxide (LDH) host to limit the in situ growth of CNRs, controlling the length down to the molecular scale of ,1 nm 23 . Therefore, a convincing model by which we may thoroughly understand the interaction between the CNRs and SWCNTs becomes very valuable. In the present study, systematic theoretical investigations are performed to demonstrate how the CNR interacts with the SWCNT. In addition, the possible interacting mechanism is examined to establish the nature of the self-assembly of CNRs and SWCNTs. This study is not only helpful for more thoroughly understanding the properties of CNRs at an atomistic level, but also is essential to the substantial potential application for fabricating functional nanodevices.
Results Figure 1 provides the representative snapshots of the CNR (100,100) with the length of 14.76 Å , inserted helically into the SWCNT (25, 25) . First, the CNR is placed at the center of the SWCNT entrances separated by 5 Å , with the axes of the CNR and SWCNT perpendicular to each other. When the simulation begins, the CNR with a diameter of 135.6 Å tends to be thermodynamically unstable and its cylindrical symmetry is collapsed. Owing to the Van der Waals interaction 29 between the CNR and SWCNT, the CNR stretches its cross-section and approaches the SWCNT at 0.1 ns. As the simulations progress, the portion of the CNR near the entrance is captured by the inner hollow space of the SWCNT and gradually moves forward along the inner wall of the SWCNT, in which the CNR are held tightly against SWCNT due to the interaction between them. After an initial correlation time, the CNR begins to curl in the hollow interior of the SWCNT (at t 5 3.5 ns). When the simulation time reaches 4.8 ns, the CNR displays a clear spiral conformation with a large helical pitch, attempting to occupy the entirety of the tubes. Then the spirals become denser due to the Van der Waals interaction. Eventually, a perfect DNA-like double-helix (Figure 1(a) ), with remarkably constant pitches between neighboring spirals forms in the SWCNT. In addition, we further simulate the influence of the temperature on the final structure of the CNR-SWCNT system. It is surprising that the final composite structure of the CNR-SWCNT system can maintain stability even when the temperature is 1000 K.
This final geometric configuration of the CNR-SWCNT system can be further characterized by the concentration distribution profile between the CNR and SWCNT in the X-direction. The separation of the adjacent layers can be obtained by the distance between two neighboring peaks in the concentration profiles. From the peak details labeled in Figure 1(b) , the separation between the inner layer of CNR and the SWCNT is about 3.5 Å , which is very close to the wall thickness of the multiwalled CNTs (3.4 Å ).
We further study the insertion processes of CNRs with the same diameter, namely 135.60 Å , but different lengths, i.e. 7.38, 9.84, 12.30, 14.76, 17.22 Å . Figure 2(a) shows the diameter threshold of SWCNT successfully encapsulated by the CNR with certain lengths. We observe that the diameter of the SWCNT should be larger than the threshold to ensure the collapse and insertion of the CNR with certain lengths. If the diameter of the nanotube is too small, the Van der Waals interaction cannot exceed the energy barrier, and the shell distance between carbon atoms cannot maintain 3.5 Å due to the confinement. Consequently, the sizes of SWCNTs should be chosen properly according to the lengths of the CNRs to facilitate the insertion. In order to verify the final configurations of the CNR (100,100) with a length of 9.84 Å in the varied SWCNTs, a series of armchair SWCNTs (n, n) are selected with the indices of n 5 14, 15, 16, 18 and 24, yielding the tube diameters of 18.98, 20.34, 21.70, 24.41 and 32.54 Å , respectively, and the tube length is set to 98.38 Å to fit the CNR. Figure 2 (b) demonstrates that a perfect helix inside the nanotube can be obtained after the CNRs are trapped by the inner wall of the tube, which is independent of the size of the tube.
What would happen if the length of the SWCNT is too short? Figure 3 shows the overall insertion process of the CNR (100,100) with the length of 14.76 Å into the SWCNT (25, 25) . The length of the SWCNT is chosen as 24.60 Å . It is worth noting that the CNR can insert into the SWCNT successfully with the trapped portion to form a helix. When the simulation proceeds, the front helical structure is pushed out and the portion outside the tube continuously enters the SWCNT in a helical manner. Finally, the CNR attempts to be symmetric to the tube, with the middle portion of the CNR in the inner wall of the tube forming a perfect helical configuration.
In the above discoveries, we have mainly focused on the insertion of one CNR into the SWCNT. Next, we will clarify how two CNRs insert into the SWCNT. As shown in Figure 4 , the two CNRs with the same diameter and length are placed at the two ends of the SWCNT, with their axes perpendicular to each other. When the simulation begins, the two CNRs are captured by the inner hollow of the SWCNT and move forward along the wall of the tube, due to the Van der Waals interaction. When they contact with each other, one of them is pushed down to a graphitic nanoribbon, as a result of the competition between the two CNRs. When the simulation time reaches 2.25 ns, helices arise to both of the CNRs. When the simulation time t 5 5.0 ns, the CNRs display a clear helical conformation. The decreased total potential energy E P and negative Van der Waals interaction energyDE vdW , which are synchronous to each other, indicate that the self-assembly course is spontaneous and the adhesion is strong.
The unique spontaneous encapsulation of CNRs into SWCNTs arouses our interest to investigate the delivery of the materials, as this can be utilized to deliver substances into the nanoscale confined space without any other external force. In order to explore the possible applications, we simulate the interaction between the SWCNTs and CNRs modified with different functional groups. We select the -OH modified CNR (100,100) with the length of 14.76 Å encapsulated into the SWCNT (30, 30) . As shown in Figure 5 , the CNR modified with the -OH can spontaneously be inserted into the SWCNT to form a helix. It is found that the chemical groups -OH have a certain influence on the interval between the neighboring segments. As the CNR (100,100) without modification has 200 dangling s-orbitals at one end, the possible number of the functional groups to modify the CNR is 0-400. Then a series of simulations are performed on the CNRs (100,100) modified with different number of -OH, as shown in Figure 6 (a). When one end of the CNR is modified with 50,100 and 133 -OH, the CNR can form a helix in the SWCNT. In contrast, the CNR fully modified with 200 -OH at one end cannot form a helix, and the CNR modified with 400 -OH even cannot be trapped by the hollow interior of the SWCNT. In addition to the -OH, we also chemically attach -H to the CNR (100,100) with the length of 14.76 Å uniformly. In Figure 6 (a), it is shown that when the dangling s-orbitals on the carbon atoms are all saturated by hydrogen atoms, the CNR can still be encapsulated into the SWCNT and form a helix, which is quite different from the final configuration of the CNR modified with -OH. In addition, the helixformation of the CNR without any dangling s-orbitals also suggests that the Van der Waals interaction is the main driving force in forming a helical configuration, rather than the dangling s-orbitals on carbon atoms at the end of CNRs 30 . We also study the stability of final configuration in different systems, in which the CNR is modified with a different number of -OH. As illustrated in Figure 6 (b), we find that the whole potential of the 200 -OH system decreases to a certain value and maintains at this level for 7 ns, which indicates that the configuration without helix is comparably stable. The potential in the system of CNR modified with 200 -OH is very different from that in the system of a helix configuration (Figure 6(c) ). The potential energy in the helix-forming process has evident periods: two ''rapid drop'' periods, a ''platform'' period and the equilibrium state. It may be suspected that the modification of the CNR with different functional groups can influence the final configuration in the encapsulation process.
The above studies mainly focus on the insertion feature of the CNRs into the hollow SWCNTs. In this section, we will investigate the collapse and wrapping characteristic of the CNRs around the SWCNT. Figure 7(a) shows the typical snapshots of the CNR (80, 80) with the length of 14.76 Å spontaneously wrapping on the SWCNT (15, 15) . Initially, the CNR positioned in the center of the SWCNT, with the axis of the CNR aligned parallel to that of the SWCNT and the separation distance of about 5 Å above the SWCNT. As shown in Figure 7 (a), the CNR approaches the SWCNT rapidly due to the strong attractive force. During the approaching process, the CNR gradually stretches its cross-section from a circle to an oval, because the carbon atoms close to the SWCNT can endure stronger Van der Waals force than the upper one. After the CNR contacts with the SWCNT, the upper atoms continue approaching the SWCNT, inducing the oval cross-section to collapse to a ''D'' shape 31 , completely covering the surface of the SWCNT. Then the axes of the CNR and SWCNT are staggered and the cross-section changes into a bow-shape. During this process, the Van der Waals interaction on the top semicircular tube is so weak that it makes the CNR collapse rather slowly. Eventually, at 9 ns, the collapse of the entire CNR is further accelerated due to the increase of the contact area 32 . The sequential collapse of these rings forms a linked double graphitic nanoribbon, showing a double-walled helix wrapping around the SWCNT with a large helical pitch. Our results show that regardless of whether the axes of the CNR and SWCNT are perpendicular or parallel to each other in the initial models, the CNR can wrap around the SWCNT helically. The helix of the CNR adhering on the wall of the SWCNT resembles the tendril of a morning glory climbing around a tree trunk. This growth pattern helps the plant maximize the sunlight absorption in the minimum space and grow strong. It will be difficult to separate it with the trunk even in the strong wind.
We also study the concentration distribution profiles of the wrapping process in the X-direction and total potential energy E P of the CNR-SWCNT system as a function of time. As shown in Figure 7(b) , the distance between two layers of the CNR outside the tube is also about 3.5 Å . The potential energy shown in Figure 7 (c) has a decreasing tendency with the simulation time, and reaches the mimimum at equilibrium.
The final configurations of the CNRs with different diameters adhering on the SWCNTs are summarized in Table 1 . We set the lengths of all SWCNTs (15, 15) as the same figure, i.e. 73.79 Å , and set the lengths of all CNRs to be 14.76 Å . As illustrated in Table 1 , all CNRs with diameters larger than the threshold of 12.20 Å are collapsed. However, CNRs with diameters between 50.17 and 73.22 Å cannot fully collapse, and instead simply deform their cylindrical symmetry to bow-shapes. During this process, the Van der Waals energy cannot overcome the energy required for the fully mechanical deformation of the CNRs, leading to a mechanically bistable configuration 33 . However, what we wish to know is how the CNRs spontaneously collapse to form ribbons and wrap on the SWCNT helically. In order to explore the possible effects of the length of the SWCNTs on the final configuration, SWCNTs (15, 15) with different length and CNRs (45, 45) with length of 14.76 Å are selected. As shown in Figure 8 , it is clear that the CNRs with diameters of 61.02 Å cannot collapse fully when the length of the SWCNTs reaches 63.95 Å . Due to the fact that we cannot determine all the CNRs with different diameters and SWCNTs with different lengths, Table 1 and Figure 8 suggest that if the lengths of the SWCNTs are smaller than the diameters of the CNRs, the perfect helix can be guaranteed. Figure 8 (d) also illustrated that the SWCNTs with sufficient lengths can cause the CNRs to collapse as a linked double graphitic layer paralleled to the axe of the SWCNTs.
Discussion
In this study, a series of atomistic simulations have been performed to study the self-assembly of the CNR-SWCNT systems. The CNR can spontaneously insert into the inner cavity of the SWCNT to form a DNA-like double-helix. Furthermore, the CNR can also collapse to a double enclosed graphitic nanoribbon adhering on the outside wall mstands for the full-collapse parallel to the axe of the nanotube; wstands for the semi-collapse; &stands for the full-collapse to form a helical configuration. in a spiral form. In principle, the geometric structure transformation is determined by the competition between the van der Waals interaction energy and the bending strain energy of the CNR 32 . The competition between the Van der Waals energy, which provide an attractive force to collapse the CNR, and the elastic energy, which usually tends to keep the CNR in a circular form 33 , could lead to the circle configuration, fully collapsed configuration, or even mechanically bistable configuration of a CNR in which the two competitive energies are comparable. During the self-assembly process, it is the Van der Waals interaction between the CNR and the SWCNT, which helps the CNR overcome the energy barrier so that it may collapse 30, 34 , and drives the CNR to be trapped in the tube and undergo self-scrolling. Taking the insertion process as an example, as shown in Figure 9 (a), the negative DE vdW , indicating an attractive force, suggests that the Van der Waals interaction between the CNR and SWCNT plays a dominant role in driving the continuous collapse of the CNR and forming spirals. Throughout the helix-forming course, the Van der Waals energy decreases significantly and finally reaches its minimum. The Van der Waals energy has partially transformed to the internal energy for mechanical deformation of CNR and partially converted into kinetic energy, thus sustaining the structure transition. As a result, the collapsed CNRs have the largest area to contact with the SWCNT, which reduces the systemic potential energy and enhances the stability of the CNR-SWCNT system.
We can explain well why the CNR can be trapped by the inner wall of the SWCNTs and collapse around the tube, but what surprises us is why the CNR enters or adheres on the SWCNT to form spirals. It can be speculated that two possible reasons are responsible for the spirals-forming process. The first reason is that the spiral pattern is the lowest energy state of the CNR-SWCNT system. To reveal it quantitatively, the total potential energy E P of the insertion process is shown in Figure 9 (b). The decreased potential energy of the CNR-SWCNT system indicates that the helix-forming course is spontaneous, and that the system gradually reaches a more stable state. When the energy reaches its minimum, the entire system is in equilibrium and the perfect spirals are formed. It is worth noting that, during the inserting process, the curve has an evident ''platform'' in the period of 2 to 4 ns, indicating that the contact area is virtually unchanged after the tube is fully filled between 2 and 4 ns. As far as the wrapping process is concerned, a ''rapid drop'', which occurred at about 9 ns, is caused by the increase of the contact area, which corresponds to the accelerated collapse process. The second reason for this phenomenon is that the compact spirals of the CNR are the natural space savers which can achieve the maximum occupancy of the confined SWCNT. The spiral form of CNR encapsulated in the SWCNT is similar to the ordered, helical conformations of long molecular chains such as DNA and protein in the confined cell, and the wrapping process of the CNR resembles to the tendrils of the climbing plants. To better understand the helical configuration in the crowed environment, Snir and Kamien 35 constructed a simulation system, in which a solid, impenetrable but flexible tube immersed in a solution of hard spheres. It is amazing that the flexible tube will take on a regular helix, which takes the least amount of energy and takes up the least space. Similarly, the spiral phenomenon is a relatively common but rather interesting phenomenon in the nature, such as spiral arrangement of florets in the sunflower (Figure 9(c) ), the spiral nucleation of SiC crystal in a limited space, and the spiral arrangement of thunderstorms in the center of a tropical cyclone. What's more, Chinese old Tai Chi totem (Figure 9(c) ) also emphasizes the philosophy of helical configuration, which implies that the universe derives from a series of helix. It is believed that helix is one of the essential features of materials and life even though its origin remains unclear.
To conclude, the CNR can be helically inserted into the SWCNT or wrap around the tube in a spiral form. It is suspected that the spiral configuration of the CNR takes the least amount of energy and takes up the least space. It is shown that the Van der Waals interaction between the CNR and the SWCNT plays a dominant role in driving the CNR to insert into the nanotube or wrap around the tube. The decrease of the potential energy in the CNR-SWCNT systems suggests that the helical insertion and wrapping processes are spontaneous. The sizes of the SWCNTs should exceed a certain threshold, to ensure the insertion of CNRs with certain lengths. Moreover, the diameters and lengths of the nanotubes have negligible effects on the encapsulation of the CNR to form a perfect helix. Two CNRs can also be encapsulated into the SWCNT spontaneously to form a helix. We also manifest that the modification of the CNR can influence the final configuration in the encapsulation process. Meanwhile, the results of our study also reveal that the sizes of the CNRs and SWCNTs should meet some required conditions to guarantee wrapping on the tube in a helical form.
The above-mentioned findings are of great importance toward the better understanding of CNT-SWCNT systems. The unique phenomenon of self-assembly in CNRs-SWCNTs systems has potential advantages in the application as nanocontainer for drug delivery, molecular transportation. This composite structure can be utilized to fabricate functional nanodevices, such as sensor, nanoelectronic components, integrated circuits, and optoelectronic devices.
Methods
In this paper, the force field of condensed-phased optimized molecular potentials for atomistic simulation studies (COMPASS) 36 is used to model the atomic interaction. COMPASS is an ab initio force field which has been parameterized and validated using condensed-phase properties in addition to various ab initio calculations and experimental data, with a functional form that includes covalent terms as well as longrange, non-bond (Van der Waals(VdW)) interactions and electrostatic forces. The aims of the force field are to achieve high accuracy in predicting the properties of very complex mixtures 37 and it has been widely used due to its potential to obtain reasonable results in terms of the mechanical properties of CNTs 38, 39 . The van der Waals energy is described by LJ-96 function 37 in COMPASS forcefield, the functional forms of which is listed as: E~D 0 ½2( R 0 R ) 9 {3( R 0 R ) 6 , where D 0 5 0.064 Kal/mol, and R 0 5
4.01 Å 40, 41 . A constant volume and constant temperature dynamics (NVT) ensemble is used in our molecular dynamics simulations with temperature of 300 K. The Andersen method 42 in the thermostat is employed to control the temperature and generate the correct statistical ensemble. For temperature control, the thermodynamic temperature is kept constant by allowing the simulated system to exchange energy using a ''heat bath''. The Verlet algorithm is adopted to integrate the equations of motion for the entire system. The time step is chosen to be 1.0 fs, and the data are collected every 5 ps to record the full-precision trajectory for further analysis. The SWCNTs are fixed as rigid tube structures. The CNRs are super-short CNTs with a length down to the molecular scale.
